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Abstract

A renewed interest in hypervelocity vehicles
requires an increase in our knowledge of aero-
thermodynamic phenomena. Tests conducted in our
ground-based facilities can be used both to better
understand the physics of hypervelocity flight,
and to calibrate and validate computer codes
designed to predict vehicle performance in the
hypervelocity environment. This paper reviews the
requirements for aerothermodynamic testing and
discusses the ballistic range and its capabili-
ties. Examples of the kinds of testing performed
in typical high-performance ballistic ranges are
described; we draw heavily on experience obtained
in the ballistics facilities at NASA Ames. Pros-
pects for improving the capabilities of the bal-
listic range by using advanced instrumentation are
discussed. Finally, recent developments in gun
technology and their application to extend the
capability of the ballistic range are summarized.

Introduction

In the last several years, there has been a
resurgence of interest in hypervelocity flight.
Several studies, most notably the Paine Commission
Report,1 call for a renewed initiative in space
exploration. Its goals Include the development of
a space station, and colonization of the moon, as
well as unmanned and manned exploration of Mars.
To accomplish these goals, space vehicles must be
developed that maximize payload mass ratios (the
ratio of payload to total mass). Rather than
using retrorockets to accomplish velocity changes,
it will be necessary to use the upper atmosphere
to aerobrake and aeromaneuver, Consequently,
these missions require a much improved knowledge
of hyperveloecity flight, particularly in thHe area
of aerothermodynamics. NASA has implemented the
Civilian Space Technology Initiative (CSTI) and is
advocating the Pathfinder Program to make these
plans a reality. Further, the Office of Science
and Technology Policy concluded, from an aero-
nautics point of view, that there is a need for
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enhanced hygersonic capabilities with airbreathing
propulsion. Programs currently under way include
the National Aerospace Plane (NASP),3 which is
designed to improve our technology base in hyper-
sonic flight and propglsion, and NASA's Aeroassis-
ted Flight Experiment " (a part of CSTI), which
is designed to improve our technology base for
Aeroassisted Orbital Transfer Vehicles (AOTV).
Artists' conceptions of these vehicles are illus-
trated in Fig. 1. The body on the left of the
figure is a low L/D vehicle of the type that will
be used for orbital transfer as well as for mis-
sions which require entry into extraterrestrial
atmospheres and return to Earth, such as a Mars
sample-return mission. The vehicle on the right
is a high L/D airbreather, typical of what might
be used for horizontal takeoff and landing, and
would have a single-stage-to-orbit capability.
Understanding the phenomena involved and develop-
ing these vehicles will require heavy use of our
ground-based facilities, flight research, and
computational fluid dynamics (CFD).

In the future, CFD will be used in vehicle
design to a much greater extent than in the
past. This is the result of the rapid development
of CFD methodology, the large increase in compu-
tational power that has become available in the
last 10 years, and the fact that ground-based test
facilities cannot test all aspects of the flight
environment experienced by future vehicles. The
CFD codes will need to be verified by experi-
ments. This will require more detailed tests and
add to the work load in our ground-based
facilities.

This paper reviews the aerothermodynamic
requirements that these new missions and design
methodologies require. The ballistic-range capa-
bilities will then be examined in detail. Exam-
ples of the kinds of testing performed in typical
high-performance ballistic ranges are described;
we draw heavily on experience obtained in the
ballistics facllities at NASA Ames. Finally, we
discuss improvements needed in our existing facil-
ities to meet the aerothermodynamic requirements,
including new instrumentation and larger and
faster launchers,

Aerothermodynamic Requirements

The flight environment of the missions men-
tioned earlier is shown in Fig. 2. The boundaries



at which chemical and thermodynamic phenomena
begin to be important are also shown. It can be
seen that NASA's new missions extend the range of
aerothermodynamic requirements. Nearly all of the
mission profiles occur where there are significant
amounts of oxygen and nitrogen dissociation. The
higher velocity missions (for example, the Mars
sample-return) also encounter significant amounts
of jonization. The airbreathing NASP vehicle
flies well beyond the region of our present exper-
ience and understanding of airbreathing propulsion
as typified by the Concorde mission profile in the
lower left corner of the chart. The lower bound-
ary of the NASP flight envelope is the leg from
takeoff to orbit and occurs at a very high dynamie
pressure in order to provide adequate oxygen for
the engine. This results in very high Reynolds
numbers and, hence, boundary-layer transition and
turbulent flow, which causes high drag and heat
transfer. All of the vehicles spend time at very
high altitude and encounter significant amounts of
chemical and thermodynamic nonequilibrium. This
is particularly true of the AOTVs, which spend
nearly their entire flight life in this domain.

Some of the important aerothermodynamic
requirements are now described. First, aerody-
namic forces and moments, including the effects of
control surfaces, must be known and understood.
These must take into account the various fluid
dynamic and chemical processes that occur under
the appropriate flight conditions. This will
include the special aerodynamic problems associ-
ated with the integration of the propulsion system
into vehicles like the NASP. Here, not only the
chemical processes of the external flow, but those
associated with the power plant must be
considered.

The second major requirement is a knowledge
of the heat transfer that the vehicle will experi-
ence. This includes convective and radiative heat
transfer, again under the extreme conditions of
the various flight profiles. The items mentioned
so far have been overall design-related issues,
but their resolution will require detailed infor-
mation about the basic phenomena that occur in
these flight environments.

The four most significant phenomena are: the
real-gas chemical effects; boundary-layer transi-
tion and turbulence; combustion for the airbrkath-
ing vehicles; and specific flow structures such as
shock waves, shear layers, separation, vortex
flows, and wakes. Finally, once the relevant
phenomena have been understood, they must be
incorporated into the CFD codes that will be used
to design these vehicles and the codes then must
be validated. This requires different types.of
data than those needed to understand the under-
lying physics. Meeting all of these requirements
with the present available ground-based facilities
will be difficult. The ballistic range has the
ability to meet many of these requirements and its
unique capabilities will be discussed next.

Ballistic-Range Characteristics

Present high-performance ballistic ranges
have a two-stage light-gas gun, which is used to
launch the model, a tank in which to separate the
sabot from the model and eliminate gun gases, and
a test section where the major portion of the
instrumentation is located. (The sabot is used to
encase the model in the launch tube and to help
support the model during the high acceleration
loads during launch. After launch, the sabot
pieces are separated from the model, usually by
aerodynamic forces, and the model is free to
travel down the test section.) A schematic of a
typical ballistic facility, the Hypersonic Free-
Flight Aerodynamic Facility (HFFAF) at NASA Ames,
is shown in Fig. 3. (A complete description of
the range and ballistic range technology can be
found in Ref. 6.) The HFFAF also has a counter-
flow capability. A large shock tube (shown in
Fig. 3a) is used to generate a Mach 7 air flow
through the test section in the opposite direction
of the model flight to increase the relative Mach
number. Besides the facilities at NASA Ames,
there are very few ballistic facllities suitable
for aerothermodynamic testing. One of these is at
Arnold Engineering Development Center (AEDC) at
Arnold Air Force Station, TN. A very wide assort-
ment of models have been launched in these ballis-
tic facilities. Some of the models launched in
the Ames range are shown in Fig. 4.

The envelope of test conditions for the HFFAF
is shown in Fig. 5 superimposed on some of the
flight regimes of interest. (The length scales
chosen for the Boost-Glide Vehicle (BGV), the
Transatmospheric Vehicle {TAV), and the Aeroassis-
ted Flight Experiment (AFE) were 30 m, while the
length scale for the Space Transportation System
(STS) was 22 m.) This is very typical of other
high-performance ballistic ranges. It can be seen
that the ballistic range covers a significant
portion of the missions shown. A wide range of
Mach and Reynolds numbers (M = 0.2 to 22, 30 with
counterflow, and Re = 250 to 3 «x 107) are possi-
ble, Free-stream chemical conditions equivalent
to flight are achieved and there is very little
free-stream flow disturbance. The test gas can be
readily changed to any nontoxic gas (limited vol-
umes of toxic gases). Also shown for comparison
are other types of facilities,

Despite the wide simulation capability of the
ballistic range, data acquisition can be a prob-
lem., With present guns, the models used are rela-
tively small and simple. Complex models can be
flown, but they require gentle launches and, in
most cases, they must not have 1ift at trim condi-
tions. At the present time, all high speed data
are acquired remotely. Typical data obtained at
the HFFAF are described briefly to illustrate some
of the tests that have been performed in ballistic
ranges. A wide variety of tests have been conduc-
ted in ballistic ranges including determination of
aerodynamic forces and moments, documentation of
flow-field structures such as shock shapes,



free-shear layers and wakes, investigations of
boundary-layer transition, heat transfer (convec-
tive and radiative), and studies of the effects of
ablation materials.

In a ballistic range, aerodynamic coeffi-
cients are measured in the following manner. As
the model travels in free-flight down the test
section, model position, orientation, and time-of-
flight are recorded on film and chronographs. A
data-reduction routine fits the equations of
motion to the measured trajectory data by using a
least-squares procedure. This method of determin-
ing aerodynamic coefficients is unlike techniques
used in conventional facilities and has caused
some questions to be raised about the results
obtained in the range. Range methodologies, how-
ever, are similar to the way in which data are
obtained from flight experiments.

The data presented in Figs. 6 and 7 were
taken in support of the Pioneer Venus mission,
which entered the Venusian atmosphere in 1978, and
the Galileo mission, which is scheduled to enter
the Jovian atmosphere in the 19903.7 Figure 6
shows drag data obtained for the Pioneer Venus
configuration over a wide range of Reynolds
number, down to a Reynolds number of 250, based on
model diameter. The Importance of attaining drag

- data at these low Reynolds numbers is that the

drag coefficient increases markedly as the slip-
flow and free-molecular-flow regimes are
approached. The drag coefficient increases con-
tinuously below a Re = 10°, but the_increase
becomes most dramatic below Re = 10°, A compari-
son of drag coefficient data for Mach numbers from
0.2 to 22 is shown in Fig. 7 for the Pioneer Venus
and Galileo configurations.

Since many shadowgraph photos are taken for
most ballistic range launches, a study of the flow
structure can be carried out on nearly any test
{except when the density is too low). Figure 8
shows a typical shadowgraph of an AOTV-1like
vehicle in flight.7 The particular point of
interest for this test was to determine whether
the free-shear layer coming from the corner of the
model would impinge on the afterbody and cause a
region of high heat transfer. Other features
shown in this figure are bow and wake shocks as
well as the beginning of the wake flow. #&ll of
these features can be useful in CFD code valida-
tion, and accurate determinations of* the bow shock
stand-of f distance are a good indicator of the
state of the chemistry in the shock layer.

Shadowgraph pictures have also been used to
study the transition to turbulence. Figure 9
shows an example of one such study, reported on in
Ref. 8. The figure shows a shadowgraph of a model
flying at a Mach number of 3.9 and a Reynolds
number per inch of 2.2 x 10°. Evidence of turbu-
lent bursts are clearly seen in the shadowgraph.
In order to properly study transition in the range
several factors must be considered. The tempera-
ture of the surface should be known. From the

distribution of temperatures on the model surface,
the heating history and location of spatially '
stable boundary-layer transition can be

inferred. Sudden increases in the surface
temperature gradient along a streamline indicate
the onset of transition, and the surface roughness
of the model must be known accurately. Direct
incident-1ight photographs of the model in flight
should be made in order to determine if the model
has suffered any damage during launch and to see
if there is any evidence of ablation affecting the
transition to turbulence. The "unit Reynolds
number effect," which is inferred from tests in
conventional wind tunnels, is believed to result
from noise generated in the wind tunnel flow; the
ballistic range provides a much lower ambient
noise level. Whether or not this effect is impor-
tant in the range is still an unanswered question.

Convective and radiative heat transfer have
also been measured in the ballistic range.
Results for stagnation-point heat transfer on a
hemisphere at 12 km/sec are shown in Fig. 10.9
The heat transfer was inferred from the tjime the
surface material (aluminum or nickel) started to
melt. This method had an accuracy of $10%. Note
that this is well within the scatter of the shock-
tube data.

Measurements of emission from the gas caps
formed about blunt ballistic range models have
been used to deduce radiative properties for both
equilibrium and nonequilibrium thermochemical
layers. The instrumentation used in one approach
consisted of broad band spectral radiometers whose
construction and calibration are described in
Ref. 10. The analysis, described in Ref. 11,
involves several steps: spectral integration of
the radiometer data, calculation of the effective
volume of the radiating gas cap observed, determi-
nation of the radiation per unit volume for equi-
librium gasses and the variation of nonequilibrium
radiation with density and velocity as provided
from the range measurements. This information was
sufficient to allow a prediction of equilibrium
and nonequilibrium radiative heat transfer to the
forebody of the Apollo vehicle.

Spatial distributions of shock-layer emission
also have been measured by nearly head-on observa-
tions of ballistic range models. Instrumentation
consisted of a calibrated image converter camera
or a scanning method which focused light from the
shock layer onto a small aperture in front of a
photomultiplier tube, Details are contained in
Chapter 9 of Ref. 6.

A novel technique'2~'" has been used to
obtain spatially integrated spectra from the radi-
ating gas cap formed about blunt models flying in
the ballistic range. A schematic of the scanning
spectrometer reported in Ref. 13 is shown in
Fig. 11. As the model flies through the field of
view and in the focal plane of the collecting
mirror, the luminous gas cap acts as a moving
entrance slit, sweeping out the spectrum of the



shock-heated gas on the exit slit. The process is
optically equivalent to the model being held sta-
tionary and the grating rotated to scan the spec-
trum. It is necessary that the gas cap be the
principal source of radiation in the flow field,
and this can be accomplished by carefully choosing
the model materials. The spectrally resolved
light from the gas cap passes through the exit
slit of the spectrometer, falling upon a photon
sensor whose output is recorded with an oscillo-
scope. The spectral resolution is set mainly by
the geometry of the gas cap emission, the exit
slit width and the reciprocal dlsperﬂion of the
spectrometer., A recording obtained1 with such a
device is shown in the inset in Fig. 11. These
data were obtained in a gas (then thought to be
representative of the Martian atmosphere) under
nonequilibrium shock-layer conditions at a veloc-
ity of 6.3 km/s. Work similar to this could pro-
vide CFD calibration data on equilibrium and non-
equilibrium shock layer flows.

Future Ballistic-Faclility Needs

The ballistic range offers many advantages in
the testing of hypersonic vehicles. However, the
flight environment of future missions will stretch
the simulation capabilities of existing facili-
ties, and CFD validation needs will require data
not presently obtained in the ballfistic range.
Many of the questions concerning aerothermodynamic
phenomena can be answered in our existing ranges
by adapting additional diagnostic techniques to
the ballistic range. Larger models will be
required to improve the quality of data and to
allow the use of onboard instrumentation. In some
cases, proper simulation of the flight environment
can only be achieved by launching models at higher
speeds. New gun technology is needed to accom-
plish this, Some concepts for advanced instrumen-
tation and improved launch capabilities are dis-
cussed below.

Instrumentation

Obtaining high-quality data is a continuing
problem for researchers in the ballistiec range.
In the past, experimenters have used many inge-
nious techniques to obtain quality data in this
difficult environment. Today, even higher quality
and a wider variety of data are needed, particu-
larly in the area of CFD code calibration/
validation. To date, most diagnostics employed in
the range have been, of necessity, optical.
Because the models are relatively small and the
position of the model as it passes a measurement
station cannot be predicted precisely, spatial
resolution is sacrificed to ensure that the model
is captured in the optics. Considerations of
spatial resolution forces the experimenter to use
the largest model practical. The uncertainty in
the position of the model can be minimized by
guiding it within a set of tracks, as is done at

aepc. 15 Naturally, this rules out aerodynamic
force-and-moment determinations. The speed with

which the model passes the measurement station
requires submicrosecond exposure times to elimi-
nate the effects of motion blur. Extremely power-
ful light sources, faster optics and more sensi-
tive sensors are required. Recent advances in
lasers, optics, and computational capability,
generally, have not been employed in the ballistic
range because of the recently ended period of
reduced interest. In the following paragraphs,
some of these advances will be touched upon as
possible candidates to exploit in range
instrumentation.

The accuracy to which aerodynamic coeffi-
cients can be determined is dependent on the accu-
racy to which the model position, orientation, and
time-of-flight can be measured, and to the preci-
sion to which the data-reduction routine can match
the measured trajectory. Advances in image pro-
cessing offer the possibility of improving the
accuracy to which we can measure the position and
orientation of models. Time-of-flight resolution
can be greatly improved by installation of modern
data-acquisition equipment. Also improvements
have been made in the data-reduction routines
available for deducing aerodynamic coefficients.
As an example, previous data-reduction methodology
was capable of generating effective aerodynamic
coefficients for single shots. Modern routines
are capable of reducing data from multiple shots
simultaneously and yielding the effect of angle of
attack and velocity change on drag coefficlent
directly.1 Work is proceeding to extend these
routines to determine aerodynamics coefficients
which exhibit hysteresis.

Flow-field structure data are typically
obtained from shadowgraphs, but Schlieren systems
are sometimes used. A holographic interferometry
system is presently being used at the low-speed
Air Force Armament Laboratory at Eglin AFB and
such a system is being developed at Ames. These
techniques give a two-dimensional image of the
second, first, or zeroeth derivative of the
density field that has been integrated over the
optical path length. If the flow is axisymmetric,
the experimental data can be inverted by the use
of the Abel transformation. This is a time con-
suming process and much information and accuracy
is lost in the transformation. If the density
information is to be compared with computer solu-
tions, it is better for the computer-generated
density field to be converted into a simulated
interferogram or Schllieren for comparison with the
experimental data. All of these systems lose
resolving capability at low air density, where
chemical-kinetic phenomena are most important.
Sharma and Park'' state that, for a Schlieren
system to be useful in the low-density regime, its
contrast sensitivity must be increased by two
orders of magnitude over present capabilities,
They discuss ways to increase the contrast sensi-
tivity of Schlieren systems by an order of magni-
tude. The resolution of the interferometer must
be increased four-fold,



Presently at AEDC, model surface temperatures
can be measured by observing the visible and
infrared (IR) emission from the model surface
material. In the AEDC system,1 spatial resolu-
tion of 0.3 to 1.5 mm and temporal resolution of
about 100 ns has been achieved by frontal imaging
of a bluff body. Temperatures in a range of
1200 K to 5000 K can be measured to an accuracy of
about #150 K. Spatial resolution for the planform
of the model continues to be a problem, especially
in the IR where sensors are not fast. Advances in
sensor technology will help in this area. Still,
the major source of error in these systems is
determination of the emissivity of the model mate-
rial. Emissivity is a function of the condition
and temperature of the surface, and the heating
history. Thermographic phosphors, which have been
develoBed for temperature measurement of engine
parts1 and do not depend on the emissivity of the
material, may make it possible to measure lower
surface temperatures more accurately than with
present systems,

Because the model passes by the measurement
station so rapidly usually only one measurement
can be made at any one station with a given
instrument. For this reason, measurement schemes
which obtain data in two dimensions have been
emphasized in the ballistic range. Obtaining two-
dimensional images of the velocity, density, tem-
perature, and species in the flow will be impor-
tant, especially in the validation of CFD codes.
Nonintrusive techniques have been devised to mea-
sure these quantities by use of laser absorption
and laser induced fluorescence.<”” Many of
these techniques obtain two-dimensional informa-
tion by imaging onto CCD arrays or image-
intensifier cameras. The low number densities
characteristic of the hypervelocity regime,
however, result in a low signal-to-noise ratio
and this is the major problem that must be
addressed. Advances in imaging technology can be
used to improve many of the techniques that have
been used in the past in the range, for instance,
of the measurement of radiative heat transfer and
spectra,

Onboard instrumentation can be very useful in
measuring surface temperature, heat transfer, and
pressure, Such measurements can serve as indepen-
dent corroboration for measurements made with
other instruments or provide a singlé absolute
value to callbrate techniques that provide only
relative information. The small model size
restricts the number and sophistication of instru-
ments that can be carried onboard. Also, the high
acceleration loads experienced during launch pro-
vide severe restriction on the kinds of instru-
ments that can be carried aboard the model. Pre-
vious systems employed radio transmitters to tele-
meter information out; at speeds in excess of
4 wm/s, however, the shock wave in front of the
model will ionize the air creating interference
with the radio signal. A project under way at
Ames is exploring ways around these problems.

Concerns about spatial resolution in optical
diagnostics and the need to put instrumentation on
board the model tend to drive model sizes
larger. But these problems can also be solved by
improvements in optical diagnosties or miniaturiz-
ing electronics. There is another, more impor-
tant, reason for seeking larger model sizes. That
is the desire to simulate as closely as possible
the chemical kinetics of full-scale flows. In
order to obtain the proper chemical kinetics, the
correct enthalpy is required (by matching veloc-
ity) and the collision frequency between species
(molecular and/or atomic) must match flight condi-
tions. In compression regions, such as the stag-
nation region of a blunt body, where dissociation
occurs, two-body collisions dominate the kinet-
ics. This requires that the product of density
and length scale, pL, be matched. In an expansion
region, such as a nozzle, where recombination
occurs, three-body collisions play an important
role in the kinetics. Matching the three-body
collisions accurately requires that oZL be
matched. It may not be possible to achieve the
proper chemical scaling in anything but a full-
scale flight vehicle. For the purposes of CFD
code validation, however, it is not important that
both be matched exactly. It is important that the
test be carried out under conditions where both
two- and three-body collisions are important in
order to test the chemistry in the code.

Launch tions

The most common model launchers for high-
performance ballistic ranges at present are two-
stage light-gas guns. The requirement to launch
larger models at higher speeds dictate an improve-
ment of the present launching capabilities of
these guns. In this section, the operation and
performance of the light-gas gun will be reviewed
and potential increases in performance dis-
cussed. Several new technologies are under devel-
opment that, theoretically, offer considerable
increases in performance over the light-gas gun.
The strengths and status of the most promising of
these new technologies, namely the rail gun, coil
gun, and "ramjet-in-tube" will be reviewed here.

The two-stage light-gas gun is the product of
rapid development during the 1960s and gradual
improvement in the intervening years. This rela-
tively mature technology promises only small
future improvements in velocity and moderate
increases in launch mass unless much larger guns
are built., A schematic of a conventional two-
stage light-gas gun is shown in Fig. 12. The gun
uses a charge of smokeless gunpowder to accelerate
a heavy piston at moderate (usually less than
1 km/8) velocity down the pump tube. The piston,
in turn, compresses a charge of propellant gas,
usually hydrogen, to several kilobars pressure.
Upon release by a burst diaphragm, the hydrogen
propels the model to high speed in the launch
tube. This moderately complex system provides a
sufficiently wide selection of operation condi-
tions to permit the launch of a wide range of



model mass to a moderate range of velocities with
acceptable peak acceleration and jerk (the deriva-
tive of acceleration with respect to time). The
chief drawbacks of the present technology are the
small size of the model, the high peak accelera-
tions (on the order of 150,000 to 500,000 g) and
the maximum launch velocity (normally less than
10 km/s). In the past, in order to achieve
increased performance in one of these areas, the
other two must be sacrificed. At the General
Motors Delco facility, masses of about 1 kg have
been launched to 4 km/s in a 10-cm launch tube
with peak accelerations of 150,000 g. A full
scale-up of present technology to launch large
masses to 8 km/s appears feasible.

A fundamental limitation on the present
design is that all of the launch energy must be
applied at the launch-tube breech; no workable
scheme has been developed to permit staging of the
guns in a manner contemplated for the electromag-
netic guns and the ramjet-in-tube concept as
described below. It is expected, however, that
coupling an electromagnetic rail gun to the muzzle
of a light-gas gun might permit each to operate in
its optimal speed range. The electromagnetic rail
gun works best at high speed because the load-
dwell time at any point is short which minimizes
damage to the rails.

During the last thirty years much effort has
been expended i{n attempting to launch small pro-
Jectiles to hypervelocities using rail guns. A
typical distributed-energy-store railgun is shown
schematically in Fig. 13. 5 a pair of rails, on
opposite sides of the launch tube, complete an
electrical circuit when an armature conductor
connects them. The remaining surfaces completing
the bore are insulators. When a current is forced
to flow along one rail through the armature (metal
or plasma at the base of the projectile) to the
opposite rail and back to the power supply, the
projectile is propelled by the resulting J x B
force. As the projectile moves, the increasing
resistive losses in the rails and diminishing
energy in the supply source make it necessary to
disconnect the initilal source and connect the next
supply source as indicated in the figure. The
rail gun offers the advantage that launch acceler-
ations can be tailored to the application ab‘hand,
and, in principle, high projectile speeds are
possible. The performance of the rail gun at
present appears to be limited to launching projec-
tile massgs of a few grams to speeds of U to
15 tm/s.20 One major difficulty preventing
improvement of rail gun performance is confinement
of the plasma armature. The strong repulsive
forces between the rails tend to open a gap:
between the projectile and rail allowing plasma to
escape. This plasma must be replenished by vapo-
rizing material from the rails which results in
severe rail erosion. The problems of rail erosion
and high loading (leading to plasma escape) may
prevent the rail gun from competing with the two-
stage light-gas gun in the near future.

Another electromagnetic launcher under con-
sideration which avoids the problem of plasma
leakage is the coil gun.2 The payload armature,
a thin-walled aluminum sleeve, is suspended mag-
netically in a long series of solenoid coils as
depicted in Fig. 14. The solenoids are excited by
three-phase electrical power. The pitch length of
the solenoid array is made progressively longer
with increasing distance from breech to muzzle to
provide accelerating magnetic waves which propel
the projectile, even though the excitation fre-
quency is diminishing rapidly. A complete coil
gun may consist of several coil arrays placed in
series, each array powered by its own pulse power
alternator (compulsator) to achieve hypervelocity
performance. The coil gun offers significant
advantages over the rail gun in propelling large
projectiles; however, efforts to develop the coil
gun for high performance are in their infancy.
There are severe difficulties in using the coil
gun to launch large and fragile payloads. One of
these is the extremely high external pressure
tending to crush the lightweight armature.

Another difficulty is the resistive heating ©of the
armature. Ongoing efforts to develop coil guns
for launching strong dense projectiles may succeed
in overcoming the present obstacles and permit a
ma jor advance in size and performance for ballis-
tic ranges.

Finally, a ramjet-in-tube concept28 has- been
developed. In this concept, a finned projectile
travels down a tube filled with a combustible gas
mixture. The projectile acts as the ramjet cen-
terbody and the tube wall acts as the ramjet
cowl. In the thermally choked subsonic combustion
mode, shown schematically in Fig. 15, a normal
shock stands on the projectile, aft of the throat;
and the flat base of the projectile acts as a
flame-holding dump combustor. This mode of opera-
tion has been experimentally demonstrated at
velocities from 0.7 to 2.3 km/s. Relatively con-
stant accelerations of about 20,000 g have been
achieved with a 50 gm, 38 mm projectile. Calcula-
tions indicate that drive modes using oblique
detonation waves should operate effectively up to
velocities of 7 to 10 km/s. The ramjet-in-tube
concept offers relatively constant accelerations
and can be scaled from projectile masses of grams
to thousands of kilograms. Considerable develop-
ment work must still be done before the ramjet-in-
tube concept can be used in the ballistic range.

Conclusions

Future missions will require a better under-
standing of the aerothermodynamics of hyperveloc-
ity flight than presently exists. Because many
future missions will fly in regimes outside of the
simulation capability of present ground based
facilities, CFD will be used increasingly in the
design of these mission vehicles. Our ground-
based facllities will be used extensively to
develop a better understanding of the underlying
physical phenomena involved and in calibrating the



CFD codes used to design these vehicles. The
ballistic range is a very useful facility for
hypervelocity testing. It is capable of excellent
Mach number and enthalpy simulation over a wide
range of conditions, has a very clean upstream
chemistry, and small free stream disturbances.
Also, there 1s no sting to interfere with study of
the wake region. The models studied must be rela-
tively small and simple, however, and data acqui-
sition can be difficult. Examples of some of the
data obtained in the range have been presented.

By employing advanced diagnostics and developing
the ability for onboard instrumentation in our
present facilities, many of the questions concern-
ing aerothermodynamic phenomena that exist today
can be answered. Mission requirements and the
need for onboard instrumentation require the
development of guns that can launch larger projec-
tiles to higher velocities than are presently
attainable with light-gas guns. The operation and
status of the main launching alternatives have
been presented; however, none of these has reached
the stage in its development where it can pres-
ently be considered as a replacement for the two-
stage light-gas gun. The most conservative
approach to achieve major increases in model size
is thought to be enlargement of the light-gas

gun. For the near term, it seems advisable to
concentrate effort in the development of advanced
instrumentation to enhance the capabilities of the
existing ranges while keeping abreast of develop-
ments in alternative launch options.
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